The epidermal growth factor receptor (EGFR)-family and cyclin-D1 have been extensively studied in breast cancer; however systematic studies that examine protein expression and gene status in the same cohort of patients are lacking. Also emerging evidences suggest existence of a direct EGFR-signaling pathway, which involves cellular transport of EGFR from cell membrane to the nucleus, and transcriptional regulation of the target genes. Thus, we examined the protein expression of membrane EGFR, nuclear EGFR, cyclin-D1 and the corresponding gene status in 113 breast carcinomas by immunohistochemistry and fluorescence in situ hybridization using tissue microarrays. Membrane EGFR overexpression and EGFR gene amplification were detected in 2% cases, while nuclear EGFR was detected in 40% of cases, with 12% having high nuclear EGFR staining. Nuclear EGFR correlated with tumor size (P ¼ 0.0005), lymph node metastasis (P ¼ 0.0288), Nottingham prognostic index (P ¼ 0.0011) and estrogen receptor (ER) expression (P ¼ 0.0258) but the letter correlation was observed only in premenopausal group of patients. Strong cyclin-D1 expression and cyclin-D1 gene (CCND1) amplification were found in 64 and 13% of the cases, respectively. Cyclin-D1 expression showed positive correlation with ER (P ¼ 0.0113) and inverse correlation with Nottingham prognostic index (P ¼ 0.0309) and membrane EGFR (P ¼ 0.0201). CCND1 amplification also showed inverse correlation with membrane EGFR (P ¼ 0.0420). A strong correlation between membrane EGFR expression and gene amplification (P ¼ 0.0035), as well as cyclin-D1 overexpression and gene amplification (P ¼ 0.0362), was demonstrated. On univariate analysis cyclin-D1 expression showed a correlation with longer overall survival in the premenopausal group and nuclear EGFR correlated with shorter overall survival in whole cohort as well in the premenopausal group of patients. Multivariate analysis revealed nuclear EGFR to be an independent prognostic factor and showed 3.4 times greater mortality risk for nuclear EGFR þ þ þ patients as compared with nuclear EGFR negative patients (hazard ratio ¼ 3.402; P ¼ 0.0026).
Breast cancer is the most common type of cancer among women in the world, with incidence of more than a million and mortality of more than 500 000 deaths annually. 1 Although incidence rate is increasing globally, mortality rates are decreasing and this is mostly due to wide use of mammography as screening method, better treatment in early stages of the disease and new anticancer drugs. 2 Advances in molecular medicine have facilitated identification of tumor markers that not only predict prognosis and therapeutic response, but also are target of novel anticancer drugs. Breast cancer is frequently defined as a heterogeneous disease because there is a percentage of patients who behave in an unexpected way even if clinical and pathological parameters indicate the opposite. 3 Although parameters such as tumor size, lymph node status, histological grade and proliferative index are essential, they are still not enough if we want to provide the best therapeutic option and consequently the best prognosis to the patients. HER-2, epidermal growth factor receptor (EGFR) and cyclin-D1 are proteins associated with tumorigenesis and prognostics factors of breast cancer. 4 Development of novel drugs specifically targeted to these molecules has attracted considerable interest in evaluating the overall status and relationships between these proteins. HER-2 is overexpressed in 15-30% of invasive breast cancers, and it has been associated with poor prognosis with shorter disease-free and overall survival; moreover, it has been a predictive factor for response to chemotherapy, antiestrogens, and herceptin. 5, 6 Although, in breast cancer, EGFR is reported to be expressed in 5-91%, 4, 7, 8 and in several studies is also associated with poor prognosis, 9, 10 there is still no clear evidence regarding its prognostic relevance. On the other hand, emerging evidence suggest the existence of a new mode of EGFR-signaling pathway in which activated EGFR undergoes nuclear translocation and subsequently regulates gene expression. 11 Nuclear EGFR functions as a transcription cofactor that interacts with and activates the CCND1 gene, a key positive regulator of proliferation. 12 Cyclin-D1 protein plays an important role in the regulation of the G 1 phase of the cellcycle where it binds to cyclin-dependent kinase-4 (cdk4) or cdk6 to promote the phosphorylation of retinoblastoma protein (pRb). Overexpression is reported to be more prevalent than amplification (amplification ranges 9-24%), with reported frequency ranging from 28 to 83%. 13 Cyclin-D1 overexpression with or without CCND1 amplification has received great attention in the literature in the past few years due to results of in vitro studies and data from clinical trials implicating cyclin-D1 overexpression in resistance to tamoxifen treatment. [14] [15] [16] Transcription of cyclin-D1 is regulated through the estrogen receptor (ER) and also it has been suggested that cyclin-D1 can directly bind to and activate ER independently from estrogen. 16, 17 Cyclin-D1 is also a downstream target of HER-2 and EGFR. 18 It is evident that there is a complex interplay between these proteins whose clinical implications nowadays are brought even more under the spotlight knowing the fact that specific drugs aiming at these molecules are readily available.
The prognostic significance of nuclear EGFR has recently been demonstrated in the study of Lo et al; 19 however, the clinical implications of nuclear EGFR in the context of other histopathological parameters have not been evaluated. Thus, the aims of this study are to analyze the expression of nuclear EGFR and cyclin-D1, as well as HER-2 and membrane EGFR, and the corresponding gene status in invasive ductal carcinoma and correlate it with other clinicopathological features and overall survival.
Materials and methods

Patients and Tumor Specimens
The tissue microarrays were constructed and they contained replicate 1-mm cores of 117 invasive ductal breast carcinoma. During immunohistochemical procedure and in situ hybridization some cores were either lost, fragmented, did not have invasive tumor or showed suboptimal hybridization signals; thus the number of examined tumors differed between analyses. All patients included in the study were newly diagnosed with breast cancer at the Department of Pathology, School of Medicine, University of Rijeka, from 2000 to 2002. Criteria for inclusion were: histopathological diagnosis of invasive ductal carcinoma NOS type, availability of paraffin-embedded tissue specimens and clinical data. All carcinomas were classified according to the criteria of the WHO. Histological grade was determined according to the modified BloomRichardson classification 20 and size was categorized according to the TNM staging criteria. 21 The Nottingham prognostic index was calculated as previously described. 22 Clinicopathological information, including patient age at initial diagnosis, tumor size, lymph node metastasis, estrogen (ER) and progesterone receptors (PR), lymphovascular invasion and menopause status were obtained from patient records. All patients had the same followup time of 60 months and survival duration was defined as the time from surgery to death attributed to breast cancer. After surgery (in every case where it was possible partial mastectomy was performed instead of total mastectomy), depending on the extent of disease, patients received radiation therapy, adjuvant chemotherapy (FEC: 5-fluorouracil, epirubicin, cyclophosphamide; FAC: 5-fluorouracil, doxorubicin, cyclophosphamide; CMF: cyclophosphamide, methotrexate, 5-fluorouracil or AC: adriamycin, cyclophosphamide protocol) and hormonepositive patients received tamoxifen ( ± goserelin if premenopausal). Patients who were HER-2-positive received a 1-year trastuzumab regimen.
Immunohistochemical Staining
Tissue microarray slides were deparaffinized in xylene substitute, rehydrated through three changes of alcohol and subjected to antigen retrieval. Depending on the antibody used we used the appropriate antigen retrieval protocol according to manufacturer's instructions. For HER-2 (HercepTest; DakoCytomation, Glostrup, Denmark), cyclin-D1 (SP4, 1:100; Neomarkers, Fremont, USA) and Ki-67 (MIB-1, 1:75; Dako, Glostrup, Denmark) antigen retrieval was performed by microwave oven treatment of slides in 10 mM sodium citrate (pH 6.0), while for membrane EGFR (E30; Dako, Glostrup, Denmark) proteinase-K was used. For nuclear EGFR (EGFR.25, ready to use diluted 1:25; Novocastra, Newcastle upon Tyne, UK) immunostaining we made some minor modifications to the protocol described previously. 19 We used double-antigen retrieval treatment, boiling of slides in citrate buffer and incubation with 0.025% trypsin in PBS (pH 7.4) for 8 min. Following antigen retrieval the subsequent steps were performed with an automatic immunostainer (Dako Autostainer Plus; DakoCytomation, Fort Collins, CO, SAD) according to manufacturer's instructions, using appropriate DakoREAL solutions (Dako, Glostrup, Denmark). Used membrane EGFR (Dako, Denmark) antibody is raised against the NH 2 terminus and recognizes only membrane EGFR in paraffin-embedded tissue, while nuclear EGFR (Novocastra, UK) antibody is raised against the COOH terminus and recognizes both membrane and nuclear EGFR. 19 
Immunohistochemical Scoring
For HER-2 staining we used a scoring system according to ASCO/CAP 2007 guidelines. 23 Cyclin-D1 immunostaining was evaluated by the Allred score method. 13, 21, 24 With this method, the intensity of the immunohistochemical reaction was recorded as follows: 0, negative (no staining of any nuclei even at high magnification); 1, weak (only visible at high magnification); 2, moderate (readily visible at low magnification) or 3, strong (strikingly positive even at low magnification). The proportion of tumor nuclei showing positive staining was also recorded as either 0 (no staining), 1 (o1% nuclear staining), 2 (1-10%), 3 (11-33%), 4 (34-66%) and 5 (67-100% nuclear staining). The proportion and intensity scores were subsequently added to obtain a total score, which ranged from 0 to 8. Tumors were categorized into four groups: negative/weak (total scores 0-2), moderate (total scores 3-5) and strong (total scores 6-8) expression. Only nuclear staining was considered specific. Ki-67 was scored low if less than 10% of the nuclei of neoplastic cells were positive, intermediate if 10-30% of the nuclei of neoplastic cells were positive and high if more than 30% of the nuclei of neoplastic cells were positive. 13 Membrane EGFR was assessed according to the following scoring approach: 0 (no immunoreactivity or immunoreactivity in o10% of tumor cells); 1 þ (faint weak and incomplete staining in 410% of tumor cells), 2 þ (weak-to-moderate complete membrane immunoreactivity in 410% of tumor cells) and 3 þ (strong complete membrane immunoreactivity in 410% of tumor cells). 3 Nuclear EGFR was ranked into four groups according to the percentage of the positive tumor cells: high ( þ þ þ , 435%), medium ( þ þ , 18-35%), low ( þ , 1-17%) and negative (À, 0%). 19 Fluorescence In Situ Hybridization (FISH)
For proteolytic pretreatment of tissue microarray slides, a commercial kit was used (Paraffin pretreatment reagent kit; Vysis, Downers Grove, IL, USA) according to the manufacturer's instructions. SpectrumOrange-labeled, gene-specific probes were used together with SpectrumGreen-labeled probes for the respective centromere region as a reference. All probes used were from Abbott (Vysis, Downers Grove, IL, USA). The probe combinations were HER2/centromere 17 (PathVysion), EGFR (LSI EGFR SpectrumOrange)/centromere 7 (CEP 7 SpectrumGreen) and CCND1 (LSI cyclin-D1 SpectrumOrange)/centromere 11 (CEP 11 SpectrumGreen). Briefly, tissue microarray sections were deparaffinized in xylene substitute, rinsed in 100% ethanol and air dried. Subsequently, slides were incubated in 0.2 N HCl for 20 min, rinsed in 2 Â SSC (pH 7.0) and immersed for 30 min in 1 M NaSCN solution pre-warmed at 801C. After proteinase digestion, slide denaturation (951C for 5 min) and hybridization (371C overnight) were performed in HYBrite (Vysis, IL, USA). Following day, slides were washed, counterstained with DAPI (Vysis, Downers Grove, IL, USA) and examined with a fluorescence microscope (Olympus BX50, Tokyo, Japan).
FISH Scoring
For all genes evaluation of in situ hybridization was performed by counting gene-specific signals and the corresponding control signals in 40 nuclei, at two or three different areas of invasive component of neoplasia. When evaluating the HER-2 gene if the ratio between HER-2/CEP17 signals was 42.2 the HER-2 gene was considered amplified and when the ratio was o1.8, the HER-2 gene was considered not amplified. If the ratio was between 1.8 and 2.2 the result was categorized as equivocal. 23 For EGFR and CCND1 a gene was considered amplified if the ratio of oncogene/cetromere was Z2.0.
Statistical Analysis
The PowerMarker 3.0 software package and R-statistical tools were used for all statistical calculations. 25 Correlations between categorical variables were performed using Fisher's exact test and w 2 -test. Overall survival was expressed as the number of months from diagnosis to the occurrence of an event (disease-related death). Cumulative survival probabilities were calculated by Kaplan-Meier method. The differences between survival rates were tested with log-rank test. All tests were two-tailed, with a 95% confidence interval. Multivariate analysis was performed using the Cox multiple-hazards model. A P-value of 0.05 in the univariate survival analysis was adopted as the limit for inclusion in the multivariate model, and cases with missing values were excluded from this analysis.
Results
Cyclin-D1 Expression in Invasive Ductal Carcinoma
The correlations between cyclin-D1 expression, clinicopathological features, immunohistochemical Nuclear EGFR in breast cancer and FISH findings are summarized in Table 1 . In total, 113 tumor samples were examined and classified into four cyclin-D1 expression groups.
Six tumors (5%) were classified as negative, 4 (3%) as weak, 31 (27%) as moderate and 72 (64%) as strong-expressing samples, according to the Allred scoring method (Figure 1 ). Cyclin-D1 expression showed a statistically significant direct correlation with expression of ER (P ¼ 0.0113), and inverse correlation with the Nottingham prognostic index (P ¼ 0.0309) and expression of membrane EGFR (P ¼ 0.0201). The same correlations of cyclin-D1 expression with clinicopathological features, immunohistochemical and FISH findings were found when tumors were grouped as post and premenopausal. Correlations with all other clincopathological features, immunohistological and FISH findings were not statistically significant (Table 1) .
CCND1 Status in Invasive Ductal Carcinoma
The correlations between CCND1 amplification, clinicopathological features, immunohistochemical and FISH findings are summarized in Table 2 . Out of the 112 tumor samples, 15 (13%) showed amplification of the CCND1 gene and 97 (87%) did not have amplification of the CCND1 gene (Figure 1) . We found only statistically significant inverse correlation of CCND1 with expression of membrane EGFR (P ¼ 0.0420, w 2 -test). No other correlations were found. The same correlations of CCND1 with clinicopathological features, immunohistochemical and FISH findings were found when tumors were grouped as post and premenopausal. Data on CCND1 amplification and overexpression were available for 112 cases. A statistically significant correlation between CCND1 amplification and cyclin-D1 overexpression was found (Table 1 , P ¼ 0.0362). Out of 15 tumors with CCND1 amplification, 14 showed strong cyclin-D1 expression and one showed moderate expression (Table 1) .
Nuclear EGFR Expression in Invasive Ductal Carcinoma
The correlations between nuclear EGFR expression, clinicopathological features, immunohistochemical and FISH findings are summarized in Table 3 . In total 113 tumor samples were analyzed for nuclear EGFR and we detected in 13 (12%) cases high ( þ þ þ ) percentage of tumor cells to be positive for nuclear EGFR. Seven cases (6%) had moderate ( þ þ ) percentage of tumor cells positive for nuclear EGFR, while 26 (23%) had low ( þ ) percentage of tumor cells positive for nuclear EGFR. In the remaining 67 (59%) cases we did not detect nuclear EGFR. Considering these data, nuclear staining for EGFR was detected in 40% of the tumor tissues we examined. Figure 1 shows representative tumors for 0/ þ nuclear EGFR, þ þ þ nuclear EGFR and negative nuclear EGFR, and þ þ þ membrane EGFR. Both EGFR antibodies used successfully recognized membrane EGFR with 100% concordance (data shown in the Supplementary information).
In our sample only two tumors showed overexpression of membrane EGFR as stained with Dako's and Novocastra's antibody (data shown in the Supplementary information). Nuclear EGFR showed statistically significant correlation with tumor size (P ¼ 0.0005), lymph node involvement (P ¼ 0.0288) and Nottingham prognostic index (P ¼ 0.0011). We did not find statistically significant correlation between nuclear EGFR and Ki-67 and cyclin-D1, both indicators of cell proliferation (Table 3) . However, when tumors were grouped as post and premenopausal, we found additional statistically significant inverse correlation of nuclear EGFR with expression of ER (P ¼ 0.0258; data not shown), but just in the premenopausal group. HER-2 and membrane EGFR immunohistochemistry and FISH results are presented in the Supplementary information.
Survival Analysis
Univariate survival analysis of all tumor samples revealed tumor size, histological grade, lymph node metastasis, PR, Nottingham prognostic index and nuclear EGFR as prognostic factors for overall survival (Table 4 and Figure 2 ). Clinical significance of membrane EGFR overexpression and EGFR amplification could not be independently evaluated due to small number of informative cases, while HER-2 gene amplification showed borderline significance (Table 4) . Tumors with strong cyclin-D1 expression showed better overall survival, but only in the premenopausal group of patients (P ¼ 0.0033); however, there was no statistical significance in the postmenopausal group (P ¼ 0.5365) or the whole patient cohort (P ¼ 0.1538), although a trend toward better overall survival has been noticed (Table 4) . We paired cyclin-D1 expression and CCND1 amplification with tumor size, histological grade, lymph node (Table  4) . Tumors with high nuclear EGFR staining in the same cohort showed worse overall patient survival compared with those without detectable nuclear EGFR (P ¼ 0.0003). Nuclear EGFR was shown to be a significantly worse overall survival factor also in premenopausal women (Po0.00001) ( Table 4) . Tumors with moderate/strong expression of cyclin-D1 and nuclear EGFR had significantly shorter cumulative survival compared with tumors with moderate/strong cyclin-D1 expression and negative/ weak nuclear EGFR expression (P ¼ 0.00078) (Figure 2 ). Multivariate analysis revealed only tumor size, histological grade, Nottingham prognostic index and nuclear EGFR as independent prognostic factors for overall survival (Table 5 ). In our cohort, nuclear EGFR þ þ þ patients had mortality risk 3.4 times greater than nuclear EGFR-negative patients (hazard ratio ¼ 3.402; P ¼ 0.0026).
Discussion
Proteins from the EGFR family and cyclin-D1 are often deregulated in human breast cancer and frequently correlations between expression of these proteins and clinical outcome have been inconsistent, 4 mainly due to differing laboratory methodologies, non-uniform thresholds for positivity and different patient groups. Thus, it is of great importance to further evaluate the complex associations and prognostic implications of EGFR-family protein members and cyclin-D1. There is emerging evidence that EGFR-family proteins function not only as signaling initiators on the cell membrane, but also undergo nuclear translocation and subsequently The recent study by Lo et al 19 is the first, and to our knowledge only, study to describe the prognostic value of nuclear EGFR in breast cancer patients, demonstrating that tumors with high nuclear EGFR staining had increased proliferative potential with worse overall survival. They showed positive correlation of nuclear EGFR with increased levels of cyclin-D1 and Ki-67; however, our data did not confirm such a correlation. 19 It is difficult to discuss and compare our findings regarding the correlation Figure 2 Univariate analysis of the prognostic impact of cyclin-D1 overexpression and nuclear EGFR staining, individually and in combination, on overall survival. Cyclin-D1 expression and overall survival in the premenopausal group of patients (a) and in the whole cohort of patients (b). Nuclear EGFR staining and overall survival in the premenopausal group of patients (lines for þ nuclear EGFR and þ þ nuclear EGFR are overlapping, producing one purple line) (c) and in the whole cohort of patients (d). Overall survival of patents with cyclin-D1 moderate/strong expression and 0/ þ nuclear EGFR staining, with survival of patients with cyclin-D1 moderate/strong and þ þ / þ þ þ nuclear EGFR (e).
Nuclear EGFR in breast cancer
Cyclin-D1 is one of the frequently overexpressed proteins and one of the commonly amplified genes in breast cancer. In our study, 64% of the cases showed strong cyclin-D1 expression, whereas only 9% showed very low or no expression of this cellcycle regulator. On the other hand, the frequency of CCND1 amplification, as detected by FISH in a same cohort of patients, was 13%, which is similar to previous reports. 13, 24 Discrepancy between cyclin-D1 protein expression and gene amplification has previously been shown and it suggests that mechanisms other than gene amplification are responsible for the altered expression observed in some cases. 28 Strong cyclin-D1 expression in the majority of breast cancers, as detected in this study, is not surprising given that this protein plays an important role in the progression from G 1 to S phase and can be upregulated through several different pathways, including EGFR-family protein, ER, c-myc and fibroblast growth factor receptor pathways. 13, 19, 24 Our study showed a significant correlation between cyclin-D1 protein expression and CCND1 amplification, and all cases having amplification showed either moderate or strong cyclin-D1 expression.
It has been reported that ER expression is associated with cyclin-D1 overexpression. 29, 30 CCND1 is a transcriptional target of ER and this process seems to be mediated by recruitment of specific ER coactivators and activation of IKKa and MAPK pathways. 31, 32 On the other hand cyclin-D1 also binds to ER and activates it in a hormoneindependent manner. 24, 33 In our study we have confirmed a significant association between cyclin-D1 overexpression and ER positivity, and have also found an inverse correlation with the Nottingham prognostic index and membrane EGFR. However, we did not find significant association between CCND1 amplification and ER positivity, but CCND1 amplification showed inverse correlation with membrane EGFR. Although, some studies have reported that cyclin-D1 overexpression indicates poor prognosis in breast cancer, 16, 34, 35 the majority failed to confirm a relationship between cyclin-D1 overexpression and shortened survival. 13, 28, 36 In the present study, cyclin-D1 overexpression significantly correlated with better overall survival in the premenopausal group of women, but there was no significant correlation in the post-menopausal group or the whole patient cohort, although a trend toward better survival has been noticed (Table 4) . When we paired established histopathological parameters like ER and PR expression, and low histological differentiation with strong cyclin-D1 expression, those patients showed better survival suggesting that high cyclin-D1 expression is a good prognostic indicator.
These results seem contradictory considering the well known function of cyclin-D1 in cell-cycle regulation, activating the cascade of events that lead to DNA replication and cell division. However, some studies suggest that cyclin-D1 may have antitumor effects. Turner et al 37 suggested that high expression of cyclin-D1 can make the tumor more sensitive to radiation, while Lin et al 38 suggested that cyclin-D1 may lead to induction of apoptosis, cellular senescence and cellular growth inhibition. In our study we did not find a correlation between cyclin-D1 expression and cell proliferation activity mirrored by Ki-67, which supports the interpretation that cyclin-D1 might demonstrate other functions that are not related to cell-cycle progression and tumor aggressiveness. However, we did not find a correlation between CCND1 and overall survival. The prognostic impact of CCND1 amplification is indirectly in agreement with previous studies showing that CCND1 amplification is not associated with poor prognosis. 13, 39 Although experimental data indicate that cyclin-D1 is a major downstream target of EGFR-family-dependent signaling, we did not observe a statistically significant association between HER-2 and cyclin-D1, but did observe an inverse correlation with membrane EGFR and cyclin-D1 expression.
In our study 2% of tumors showed membrane EGFR overexpression, which correlated well with gene amplification (2%) and these results are in agreement with the study by Al Kuraya et al.
39
Studies that have reported higher percentage of membrane EGFR expression besides different methodologies used, also used not so stringent criteria in defining membrane EGFR overexpression and interpreted overexpresison as more than 1% of positive cells with any membrane staining. 3, 7 In our study, 9% tumors with 1 þ staining were interpreted as negative for membrane EGFR overexpression, which is the major contributing factor for such low prevalence of membrane EGFR overexpression. However, some report that even low-level expression of membrane EGFR may still play an important role in the biology of a tumor, especially in the context of expression and overexpression of other Compared with nuclear EGFR-negative tumors.
Nuclear EGFR in breast cancer EGFR-family members. 40 The discrepancy between the number of cases expressing membrane EGFR (2%) and nuclear EGFR (40%) suggests that in tumors with low level of membrane EGFR expression, the mechanisms involved in EGFR trafficking and receptor translocation might be more important in signal transmission, leading to even more aggressive tumor behavior. This finding also further emphasizes the relevance of the new direct EGFRsignaling pathway, which involves direct shuttling of activated EGFR into the nucleus, especially in the light of often lacking correlation of membrane EGFR expression with prognosis.
In our study we did not find a correlation between membrane EGFR and HER-2, and clinical significance of membrane EGFR overexpression and EGFR amplification could not be independently evaluated due to small number of informative cases. Besides well established traditional EGFR-signaling pathway, emerging evidence suggests the existence of a direct mode of EGFR signaling where EGFR is transported from the cell surface to the nucleus. The nuclear counterpart of EGFR appears to be the full-length protein and likely in the phosphorylated form as shown by a number of studies, 11, 41 but it is not yet clear by which cellular mechanism or why cell-surface EGFR gains entry. 11, 41, 42 Nuclear translocation is not a unique event with EGFR, but rather a universal phenomenon occurring for many other cell-surface receptors. 11 EGFR is translocated to the nucleus upon ligand stimulation, but in addition nuclear translocation of EGFR can be initiated by irradiation, heat shock, H 2 O 2 and cisplatin. 12, 41, 43 In our study we have detected nuclear EGFR staining in 40% of breast cancer samples and 12% samples had high-level nuclear EGFR staining ( þ þ þ ), which is in accordance with previous report. 19 We found only two cases in which EGFR was amplified, while 40% of the tumors studied were immunohistochemically positive for nuclear EGFR, suggesting that gene amplification is not a significant event that would lead to higher nuclear translocation of the EGFR cell-surface receptor. The question is what actually happened in tumors that were membrane EGFR-negative and showed moderate/strong nuclear EGFR staining? Maybe those tumors had increased transcription of the EGFR gene, but subsequent posttranscriptional modifications occurred, which diverted EGFR from its traditional path onto the cell surface, directly into the nucleus. This might indirectly indicate that trafficking-dependent alterations in cell-surface receptor are crucial regulatory mechanisms in EGFR signaling.
The results of Kaplan-Meier survival analysis and log-rank test revealed a significant inverse correlation between high nuclear EGFR and overall survival in the whole cohort, as reported earlier, 19 and in the premenopausal group of patients. By multivariate analysis we found nuclear EGFR to be an independent prognostic factor for patient overall survival. These observations come into light of the report showing that anti-EGFR antibody (C255/ Cetuximab) blocks radiation-induced nuclear EGFR transport and its interaction with DNA-dependent protein kinase, an enzyme involved in DNA repair, and thus may lead to radiosensitization. 41, 44 Interestingly, besides correlation between nuclear EGFR and tumor size, lymph nodes and Nottingham prognostic index, we found a correlation between nuclear EGFR and ER in the premenopausal group of women. Patients with tumors expressing a moderate-to-strong level of cyclin-D1 protein and moderate-to-strong nuclear EGFR staining had significantly worse survival compared with patients whose tumors had moderate/strong cyclin-D1 expression and negative to low nuclear EGFR. These data are in agreement with earlier studies that showed association of nuclear EGFR with the promoter region of cyclin-D1, and direct activation of transcription of this cell-cycle protein. 12 It has been shown that nuclear EGFR functions as a transcriptional cofactor that interacts with and activates not only the CCND1 but also the iNOS gene. 11, 42 The nuclear EGFR complex specifically and strongly recognizes an AT-rich response sequence, designated ATRS, present in the promoters of the CCND1 and iNOS gene. 11, 42 Also, our data indicate that in the context of high nuclear EGFR staining, increased expression of cyclin-D1 actually contributes to poor survival rate in invasive ductal breast cancer. We postulate that in these cases nuclear EGFR could lead to overexpression of cyclin-D1 through transcriptional activation of CCND1, which consequently leads to more aggressive tumor behavior and subsequent decreased patient survival. Also, nuclear localization and action of EGFR constitute a potential mechanism of resistance to EGFR-targeted therapies, since nuclear EGFR directly activates transcription bypassing the protein phosphorylation cascade; thus, EGFR-rich tumors may not respond to EGFR inhibitors blocking only receptor-mediated signaling. 45 In conclusion, this study confirms that strong cyclin-D1 expression represents a good prognostic marker. However, when paired with strong nuclear EGFR, cyclin-D1-overexpressing tumors confer a more aggressive clinical behavior leading to worse patient overall survival. Our data show strong statistical correlation between high nuclear EGFR staining and worse overall survival in breast cancer patients.
